Intramolecular interactions between the
Intramolecular interactions between the Src homology domains (SH2 and SH3) and the catalytic domains of Src family kinases result in repression of catalytic activity. The crystal structure of the Src family kinase Hck, with its regulatory domains intact, has been solved. It predicts that a conserved residue, Trp 260 , at the end of the linker between the SH2 and the catalytic domains plays an important role in regulation by the SH3 and SH2 domains. We have mutated this residue and compared the activities of C-terminally phosphorylated wild type Hck and W260A Hck. The W260A mutant has a higher specific activity than wild type Hck. The W260A mutant requires autophosphorylation at Tyr 416 for full activity, but it is not activated by ligand binding to the SH3 or SH2 domains. This mutation also changes the accessibility of the SH2 and SH3 domains to their cognate peptide ligands. Our results indicate that Trp 260 plays a critical role in the coupling of the regulatory domains to the catalytic domain, as well as in positioning the ligand binding surfaces.
Hck is a Src family nonreceptor tyrosine kinase involved in signal transduction in hematopoietic cells of the myeloid and B-lymphoid lineages (1, 2) . Like Src and other kinases of this family, it has the following functional domains (listed from N terminus to C terminus): a membrane binding domain, a unique region, a Src homology 3 (SH3) 1 domain, a Src homology 2 (SH2) domain, a kinase catalytic domain, and a negative regulatory site at Tyr 527 (Src numbering) in the C-terminal tail (for review see Ref. 3) . The SH2 domain binds phosphotyrosinecontaining ligands, and the SH3 domain binds ligands containing polyproline type II helices (3) . Phosphorylation of Tyr 527 by c-Src kinase (Csk) produces an intramolecular interaction between the phosphorylated tail and the SH2 domain that inhibits Src kinase activity (4 -7) . Src can also autophosphorylate Tyr 527 , but it is not the primary autophosphorylation site (8, 9) . The major autophosphorylation site, Tyr 416 , lies in the activation segment, a flexible portion of the catalytic domain near the active site. Autophosphorylation of Tyr 416 leads to enhanced catalytic activity of Src and Hck (4 -7). SH3 and SH2 domains have both a positive and a negative regulatory role in the activity of Src family kinases. The positive role is thought to be due to SH2-and SH3-mediated interactions with other proteins. These protein-protein interactions allow the kinases to bind to and phosphorylate certain cellular substrates (3). SH2-and SH3-mediated interactions are essential for the signaling properties of Src family kinases; mutations that interfere with the binding of ligands to SH2 and SH3 domains of the kinases disrupt their ability to transform cells (10 -13) . In addition, substitution of the Abl SH2 domain with heterologous SH2 domains results in the phosphorylation of alternative substrates in vivo (14) . Hence, specific signaling by nonreceptor tyrosine kinases appears to depend on the specificity of the associated SH2 and SH3 domains.
The negative regulatory role for SH2 and SH3 domains in Src family kinases arises from intramolecular contacts with the tyrosine kinase catalytic domain. The SH2 domains of Src kinases bind their C-terminally phosphorylated tails (3-7), and this interaction stabilizes an inactive conformation. Genetic experiments first suggested that the SH3 domain of Src was also involved in the repression of catalytic activity (15, 16) . The three-dimensional structures of c-Src and Hck (17) (18) (19) provide an explanation for the involvement of the Src homology domains in enzyme inhibition (Fig. 1A ). There is a linker region (residues 240 -263) between the SH2 domain and the catalytic domain that contains a polyproline type II helix that binds to the SH3 domain. This interaction, along with the phosphorylated tail-SH2 domain interaction, is proposed to keep the protein in an inactive conformation (17) (18) (19) .
Several amino acids within the SH2-kinase linker interact with residues in the N-terminal lobe of the catalytic domain. One of these, Trp 260 , lies outside of the polyproline helix and appears to be particularly important in maintenance of the inhibited state (Fig. 1B) (18) . This tryptophan is very highly conserved among Src family and other nonreceptor tyrosine kinases, as well as among several receptor tyrosine kinases. In the inactive conformation of Hck, Trp 260 points into a hydrophobic region of the N-terminal lobe of the catalytic domain (Fig. 1B) . Trp 260 appears to stabilize a conformation of helix ␣C that is not properly positioned for catalysis. In particular, Glu 310 on the ␣C helix is pointed out of the active site and interacts with Arg 385 and Tyr 382 in the activation segment. In the active forms of cAMP-dependent protein kinase (20) and Lck (21) , the corresponding glutamate residues are pointed into the active site. Glu 91 of cAMP-dependent protein kinase, the residue equivalent to Glu 310 of Hck, is salt-bridged to Lys
72
, the residue that coordinates the ␣ and ␤ phosphates of ATP. In the inactive conformation of Hck, the side chain of Glu 310 is too far from the ATP-binding site to play this role.
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¶ To whom correspondence should be addressed: Dept. of Physiology and Biophysics, Basic Science Tower T-6, School of Medicine, SUNY at Stony Brook, Stony Brook, NY 11794-8661. Tel.: 516-444-3533; Fax: 516-444-3432. 1 The abbreviations used are: SH2, Src homology 2; SH3, Src homology 3; PXXP, the SH3-binding peptide (Ser-Pro-Pro-Thr-Pro-Lys-ProArg-Pro-Pro-Arg-Pro); pYEEI, the SH2-binding peptide (Glu-Pro-GlnpTyr-Glu-Glu-Ile-Pro-Ile-Tyr-Leu); HIV, human immunodeficiency virus. (22) (23) (24) , presumably due to displacement of the C-terminal tail. We have shown previously that disruption of the SH3-catalytic domain interaction by HIV-1 Nef, a high affinity ligand for the Hck SH3 domain, or by a peptide containing the polyproline motif, activates Hck 5-50-fold, depending on the autophosphorylation state of the enzyme (24) . Binding of Nef to the SH3 domain of Hck in vivo stimulates tyrosine kinase activity and leads to transformation of Rat-2 fibroblasts (25) . The p130Cas-related protein, Sin, activates c-Src by coordinate binding to the SH2 and the SH3 domain (26) . Disruption of the interaction between the SH3 domain and the SH2-kinase linker in these cases is predicted to destabilize the interaction of Trp 260 with the ␣C helix, allowing the helix to rotate into the active site, thereby activating the kinase (18) .
This model for regulation of catalysis suggests an important role for Trp 260 . We tested this prediction by producing a form of Hck that contains a Trp 260 3 Ala mutation and that is phosphorylated on Tyr 527 . We have compared the activity and regulatory properties of this mutant with those of wild type Hck. Our results indicate a role for Trp 260 in the coupling of the regulatory domains to the catalytic domain and in the interactions of the regulatory domains with their ligands.
MATERIALS AND METHODS

Protein Expression and Purification-C-terminally phosphorylated
Hck (wild type and mutant) was produced in Spodoptera frugiperda cells by co-expression with Csk, as described (18) , with the following modification: after ion-exchange chromatography, Hck was purified on a column containing immobilized adenosine-5Ј-(␥-4-aminophenyl)-triphosphate. The column was prepared by linking 100 mg of adenosine-5Ј-(␥-4-aminophenyl)-triphosphate (U.S. Biochemical Corp.) to 5 g of 6-aminohexanoic acid N-hydroxysuccinimide ester-Sepharose 4B (Sigma) according to the manufacturer's instructions. The column was equilibrated in 20 mM Tris (pH 8.5), 50 mM NaCl, 10 mM MgCl 2 , 0.1 mM sodium vanadate, 10% glycerol. Hck was loaded in equilibration buffer and eluted with a linear gradient to 1 M NaCl. Peak fractions (as determined by absorbance at 280 nm) were concentrated prior to biochemical experiments.
For the production of dephosphorylated Hck, the purified protein was treated with Yersinia protein-tyrosine phosphatase (New England Biolabs) as described (21) . HIV-1 NL4 -3 Nef protein was expressed as a glutathione S-transferase fusion protein in Escherichia coli NB42 cells according to published procedures (27) .
Protein Kinase Assays-Synthetic peptides were prepared by solid phase synthesis on an Applied Biosystems automated 431A Peptide Synthesizer. The peptides were purified by reverse-phase high pressure liquid chromatography and characterized by matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry (24) . The sequences of the peptides used are: substrate peptide, Arg-Arg-Leu-IleGlu-Asp-Ala-His-Tyr-Ala-Ala-Arg-Gly; SH2-binding peptide (pYEEI), Glu-Pro-Gln-pTyr-Glu-Glu-Ile-Pro-Ile-Tyr-Leu; and SH3-binding peptide (PXXP), Ser-Pro-Pro-Thr-Pro-Lys-Pro-Arg-Pro-Pro-Arg-Pro) (24) . Kinase activity assays were performed by two methods: (i) the phosphocellulose paper assay (28, 29) and (ii) a coupled spectrophotometric assay (30) . Experiments were carried out at 30°C in buffer containing 20 mM Tris (pH 7.5), 10 mM MgCl 2 , 800 M peptide substrate, [␥-32 P]ATP (100 -500 cpm/pmol), and 500 M ATP (24) . For the phosphocellulose paper assay, reactions were terminated by the addition of cold 10% trichloroacetic acid. The reaction mixtures were centrifuged, and aliquots of the supernatants were spotted onto phosphocellulose paper, as described. The phosphocellulose pads were washed and counted in a liquid scintillation counter to measure incorporation of 32 P into peptide. All activity assays were carried out in triplicate. To activate C-terminally phosphorylated Hck by ATP, enzyme was incubated on ice for 45 min in 100 M ATP. For the spectrophotometric assay, reactions contained 20 mM Tris (pH 7.5), 10 mM MgCl 2 , 1 mM phosphoenolpyruvate, 0.28 mM NADH, 21 units of pyruvate kinase, and 30 units of lactate dehydrogenase (30) . Reactions were initiated by addition of 0.05-1.0 M Hck or W260A mutant Hck, and progress curves were monitored by absorbance at 340 nm in a Beckman DU-7 Spectrophotometer. To ensure that the coupling enzymes were not rate-limiting under our experimental conditions, the amounts of the coupling enzymes were increased and decreased by a factor of 2; this treatment did not affect the rate.
Mutagenesis-Mutagenesis was performed on human Hck in the pFastBac vector (Life Technologies, Inc.) using the Stratagene QuikChange kit according to the manufacturer's directions. Oligonucleotide primers designed to introduce a single amino acid change were synthesized using an Applied Biosystems 381A DNA synthesizer and purified using Poly-Pak cartridges (Glen Research). Mutagenesis was confirmed by sequencing using a Perkin-Elmer Dye Terminator Cycle Sequencing Reaction kit with AmpliTaq DNA Polymerase, sequenced on an Applied Biosystems 370A DNA Sequencer, and analyzed using ABI Prism software, version 3.0.
Ligand Binding Experiments-pYEEI and PXXP resins were made by coupling the SH2-and SH3-binding peptides described above (3.5 mol) to 200 l of Affi-Gel 15 (Bio-Rad) in dimethyl sulfoxide overnight at room temperature according to the manufacturer's instructions. Binding experiments were carried out by incubating 1 g of protein with 30 l of resin in 200 l of final volume in buffer containing 50 mM Tris 7.4, 250 mM NaCl, 0.1% Triton X-100, 5 mM EDTA, 0.5 mM Na 3 VO 4 , and 1 mM dithiothreitol. Binding reactions were for 30 min. The resin was washed three times in lysis buffer, and bound protein was eluted with 2ϫ Laemmli buffer, followed by resolution using SDS-polyacrylamide gel electrophoresis. The proteins were transferred to polyvinylidene difluoride membrane (Millipore) using a Hoefer semi-dry transfer apparatus and detected with an anti-Cys-Src rabbit polyclonal antibody (Upstate Biotechnology Inc.), anti-rabbit horseradish peroxidase conjugated secondary antibody, and enhanced chemiluminescent detection kit (Amersham Pharmacia Biotech).
RESULTS
We co-expressed the W260A Hck mutant with Csk in S. frugiperda cells to produce a form of the enzyme that is phosphorylated on Tyr 527 . Matrix-assisted laser-desorption-ionization time-of-flight mass spectrometric analysis of this protein (24) confirmed that Tyr 416 was free of phosphate (data not shown). We compared the kinetic parameters of wild type Hck and the W260A mutant for phosphorylation of a synthetic peptide substrate (Table I) . These experiments were carried out with enzymes that had been pre-activated with ATP and Mg 2ϩ , because we found that the W260A mutant is activated by autophosphorylation in a manner similar to how the wild type is activated (see below). The W260A mutant displayed a 5.7-fold lower K m for peptide substrate than wild type Hck, as well as a 2-fold higher V max (Table I) . Thus, the specific activity (V max /K m ) of the mutant was approximately 12-fold higher than that of the wild type enzyme. The K m values for ATP substrate were similar for wild type and W260A mutant. We also measured the kinetic parameters of wild type Hck in the presence of Nef. Nef activates the autophosphorylated wild type enzyme (24) , and the kinetic analysis shows that Nef (Table I) . Nef also lowers the K m for ATP from 100 to 32 M, but because of the millimolar concentrations of ATP in the cell, this is unlikely to be a regulatory mechanism in vivo.
We showed previously that C-terminally phosphorylated wild type Hck is activated approximately 10-fold upon incubation with ATP and that this activation process involves a relatively slow intermolecular autophosphorylation at Tyr 416 (24) . We measured the activity of W260A Hck before and after incubation with ATP under conditions that activate the wild type enzyme. Fig. 2 shows that upon incubation with ATP, W260A Hck is activated 9-fold (relative to C-terminally phosphorylated W260A). Thus, the C-terminally phosphorylated W260A mutant has intrinsically higher activity than C-terminally phosphorylated wild type Hck, but it is still subject to regulation by autophosphorylation at Tyr 416 . Wild type Hck is activated by binding of ligands to the SH2 and SH3 domains, even after the enzyme has been autophosphorylated at Tyr 416 ( Fig. 2 and Ref. 24) . We next tested the ability of such ligands to activate W260A Hck. Fig. 2 shows that the autophosphorylated mutant is not further activated by binding of a pYEEI-containing peptide to its SH2 domain or by binding of either a polyproline (PXXP)-containing peptide or Nef to its SH3 domain. We did not observe any activation of W260A Hck by these peptides in the concentration range 2-50 M (data not shown). This lack of activation is not due to an inability to bind these ligands in the W260A mutant (see below). The lack of activation of W260A Hck upon ligand binding to the regulatory domains suggests that Trp 260 plays a role in the coupling of the regulatory domains to the catalytic domain.
The SH2 and SH3 domains of Hck appear to be mutually dependent with regard to their ability to modulate enzymatic activity. An intact SH3 domain is necessary for negative regulation by the phosphorylated C-terminal tail (15, 16) . Furthermore, using surface plasmon resonance, we observed that Cterminally phosphorylated Hck had a higher apparent equilibrium dissociation constant for Nef than the dephosphorylated enzyme (24) . Thus, release of phosphorylated Tyr 527 from the SH2 domain of Hck appears to increase the accessibility of the SH3 domain. We therefore investigated the effect of the W260A mutation on the accessibility of the ligand binding surfaces of the SH2 and SH3 domains. In these experiments, we compared the ability of wild type and W260A Hck to bind to immobilized ligands for the SH2 domain (a pYEEI-containing peptide) and the SH3 domain (a polyproline-containing peptide). Although these peptides can bind to the regulatory domains of Hck (24), under the conditions of this assay C-terminally phosphorylated wild type Hck did not bind appreciably to the immobilized pYEEI peptide (Fig. 3, lane 2) or to the immobilized PXXP peptide (Fig. 3, lane 4) . Hck that had been dephosphorylated at Tyr 527 was able to bind to the pYEEI resin (Fig. 3, lane 6) . In contrast to results for wild type Hck, Cterminally phosphorylated W260A mutant bound efficiently to immobilized pYEEI peptide or PXXP peptide (Fig. 3, lanes 3  and 5, respectively) . The increased accessibility of the SH2 and SH3 domains for ligands suggests that the W260A mutation destabilizes the intramolecular interactions that maintain the inactive conformation.
We carried out similar experiments on C-terminally phosphorylated Hck that had been allowed to autophosphorylate on Tyr 416 . The purpose of these experiments was to determine whether the C-terminal tail becomes disengaged from the SH2 domain after autophosphorylation on Tyr 416 . Previous experiments on Src demonstrated that a form of Src with an intramolecular interaction between the SH2 domain and the phosphorylated tail was able to autophosphorylate at Tyr 416 (9) . We wished to address the question of whether autophosphorylation leads to a subsequent disruption of the SH2-tail interaction. We compared binding of Hck to immobilized pYEEI resin before and after autophosphorylation. In our assay system, autophosphorylation does not dramatically change the binding of the SH2 domain to the pYEEI resin, suggesting that the phosphorylated tail is not released from the SH2 domain after autophosphorylation (Fig. 3, lanes 2 and 7) . Similar results were obtained for the Trp 260 mutant of Hck (data not shown). When the activity of C-terminally phosphorylated Hck is measured without ATP pretreatment, a lag is observed in substrate phosphorylation (24) . This induction time is due to autophosphorylation at Tyr 416 , and the length of the induction time depends on Hck concentration, as predicted for an intermolecular process. Dephosphorylation at Tyr 527 significantly reduces the induction time (24) . We incubated W260A Hck with peptide substrate without ATP pretreatment and measured the induction time for autoactivation. The induction time of the W260A mutant is reduced relative to wild type Hck (Fig. 4A) . For example, at an enzyme concentration of 0.5 M, the induction times for wild type Hck and W260A were 8 min and 30 s, respectively (Fig. 4A) . Similarly, at an enzyme concentration of 0.05 M, the induction times for wild type Hck and W260A were 24 and 5 min, respectively (Fig. 4A) . The induction time for W260A Hck is still dependent on enzyme concentration (Fig.  4A) , suggesting that autophosphorylation is intermolecular under these experimental conditions. We used a spectrophotometric assay to confirm that autophosphorylation occurs in the mutant. The time course for W260A autophosphorylation showed a lag that corresponds to the lag observed for peptide phosphorylation (a representative trace is shown in Fig. 4B) . Thus, the results for W260A Hck agree with previous studies on dephosphorylated Hck (24) and suggest that destabilizing the interaction between the SH3 and catalytic domains, with concomitant disruption of the SH2-tail interaction (Fig. 3) , leads to more rapid autophosphorylation.
DISCUSSION
The inactive forms of Src family kinases are maintained by intramolecular interactions involving both the SH2 and SH3 domains (17) (18) (19) . Disruption of either of these interactions is predicted to cause enzyme activation (6, 7) . In v-Src, the product of the transforming gene from Rous sarcoma virus, the C-terminal tail is missing and the enzyme is constitutively active. v-Src also contains amino acid substitutions at Arg 95 and Thr 96 , two residues in the SH3 domain that interact with the SH2-kinase linker and the N-terminal lobe of the kinase domain. These mutations are expected to disrupt the SH3-catalytic domain interaction, destabilizing the repressed form of Src (6, 7) . Displacement of the SH3 domain of Hck by Nef leads to a maximum activation of the enzyme, consistent with a central role for the SH3-catalytic domain interaction in regulating Hck (24) .
We report here that mutation of Trp 260 , a conserved residue in the SH2-kinase linker, leads to changes in the regulatory properties of Hck. Mutation of Trp 260 has four main effects: (i) it increases the basal activity of Hck; (ii) it shortens the time required for autophosphorylation; (iii) it renders Hck insensitive to added SH2 or SH3 ligands; and (iv) it changes the accessibility of the ligand binding surfaces of the SH2 and SH3 domains. These observations are consistent with two major roles for Trp 260 . First, Trp 260 interacts with the ␣C-helix in the N-terminal lobe of the catalytic domain. Mutation of Trp 260 disrupts this interaction, allowing the activation segment and helix ␣C to adopt a conformation that is competent for kinase activity. Second, Trp 260 appears to play a role in positioning the SH2 and SH3 domains for intra-and intermolecular interactions. Our results are consistent with those of Gonfloni et al. (31) , who showed that a W260A mutant of c-Src has impaired regulation when expressed in yeast.
The W260A mutant of Hck has a higher basal activity than the wild type, but the mutant still requires autophosphorylation at Tyr 416 for full activity (Table I and Fig. 4 ). The autoactivation process occurs more rapidly for the mutant than for the wild type (Fig. 4) ; this is similar to the effect we observed for Hck that had been dephosphorylated at Tyr 527 (24) . These results further establish the importance of the phosphorylation state of the activation segment for controlling Hck activity, as seen previously by mutagenic analysis of c-Src and Lck (3, 32, 33) . Addition of ligands for the Hck SH2 or SH3 domains gave no additional activation (over the level seen in autophosphorylated W260A Hck) (Fig. 2) . Thus, although the regulatory domains do not appear to exert their inhibitory effects in the mutant, autophosphorylation at Tyr 416 must still occur for maximal activity. This is similar to our recent results for wild type Hck stimulated by Nef, where activation by autophosphorylation at Tyr 416 can still be observed, although the process is very rapid relative to Hck alone. 2 The maximum level of activity observed for the autophosphorylated W260A mutant is similar to that seen for the wild type enzyme that has been fully activated by addition of Nef (Table I) .
Autophosphorylation of Src family kinases appears to be predominantly an intermolecular event. However, the flexibility of the activation segment (containing Tyr 416 ) suggests the possibility of intramolecular autophosphorylation if the regulatory domains are removed. Does this explain the more rapid autophosphorylation of the W260A mutant? Our results shown in Fig. 4A argue against this interpretation, because the induction time for W260A activation depends on the protein concentration. Intramolecular autophosphorylation would yield a first-order progress curve for peptide phosphorylation, and the induction time would be independent of protein concentration. We have also recently observed that the induction time for activation of wild type Hck in the presence of Nef depends on protein concentration. 2 These results indicate that, at least at these concentrations of Hck (0.01 M -1.0 M), intramolecular autophosphorylation is unlikely to play a major role in enzyme activation. The concentration of Src in NIH3T3 cells has been estimated to be approximately 1.0 M, based on a cell volume of 10 -15 femtoliters and 10,000 molecules of Src/cell. signaling complexes at the membrane would tend to increase the local concentration (3). Thus, under normal physiological conditions, intramolecular autophosphorylation is unlikely to be a major mode of regulation in vivo.
Mutation of Trp 260 in Hck also changes the interactions of the SH2 and SH3 domains with their respective ligands. The ligand-binding surface of both domains is more accessible in W260A Hck than in wild type Hck (Fig. 3) . A change in accessibility of the SH3 domain is not surprising, given the proximity of Trp 260 to the polyproline type II helix that is bound by the SH3 domain of Hck. The W260A mutation also destabilizes the interaction between the phosphorylated tail and the SH2 domain of Hck (Fig. 3) , a site approximately 40 Å away in the three-dimensional structure (18) . A similar effect has been observed for Src, where a mutant lacking the SH3 domain bound more tightly to immobilized pYEEI peptide (16) . The interactions between the SH3 domain, the linker, and the Nterminal lobe of the catalytic domain are extensive and predominantly hydrophobic (17) (18) (19) . In contrast, the interactions between the SH2 and catalytic domains are polar in character. The SH3 domain interactions may play the dominant role in maintaining the inactive state; disrupting these interactions may destabilize the regulatory apparatus, leading to increased accessibility of the SH2 domain. Our results demonstrate the importance of Trp 260 in maintaining the proper geometry of both the SH2 and SH3 domain ligand binding surfaces for maximal interaction with their intramolecular ligands and point to the interdependence of the SH2 and SH3 domains in Src family kinase regulation.
The interdependence of the intramolecular SH2 and SH3 domain interactions indicates that the repressed conformations of Src family kinases are subject to activation by a variety of cellular signals. Such signals include dephosphorylation of Tyr 527 (e.g. CD45 phosphatase dephosphorylating Lck (34)); engagement of the SH2 domain (e.g. PDGF receptor activating Src (35) ); engagement of the SH3 domain (e.g. Nef activation of Hck (24)); or simultaneous binding of the SH2 and SH3 domains (e.g. Sin activating Src (26)). Src kinases seem to be particularly sensitive to SH3 domain engagement, and activation of Src kinases by this process may prove to be a widespread feature of signaling by these kinases.
